Introduction {#S0001}
============

As the most common cause of cancer-related mortality worldwide,[@CIT0001] the prognosis of patients with lung cancer remains poor. Lymphatic and hematogenous metastases are the major causes of high mortality in patients with lung cancer. Thus, blocking the metastatic process is critically important for cancer treatment. Epithelial--mesenchymal transition (EMT) is thought to be involved in lung cancer metastasis.[@CIT0002]

EMT, the process by which polar epithelial cells transform into mesenchymal cells under particular physiological and pathological conditions, participates in the invasion and metastasis of tumor cells in tumor tissues.[@CIT0003] Studies have shown that there are many signaling pathways involved in EMT,[@CIT0004]--[@CIT0006] including transforming growth factor beta (TGF-β), SMAD-dependent/independent, Wnt/β-catenin, Matrix, PI3K/AKT/mTOR, and AKT/GSK3β/β-catenin signaling pathways.

Dioscin, with the molecular formula C45H72O16 and a molecular weight of 869.05 g/mol, is widely found in plants, such as *Dioscoreae, Liliaceae, Dianthus*, and *Rosaceae*. Among these plants, *Dioscorea zingiberensis* has the highest content of dioscin and is the main plant material used in China to produce dioscin, which has extremely high medicinal value. Numerous studies have reported that dioscin exerts a strong anti-tumor activity.[@CIT0007],[@CIT0008] Recently, several studies have revealed that dioscin reverses EMT.[@CIT0009],[@CIT0010] Whether dioscin could reverse EMT by pathways other than TGF-β remains unclear. To identify other pathways by which dioscin can reverse EMT, here we employed network-based pharmacological methods to explore the possible targets of dioscin and used experimental approaches to verify some pathways of the predicted targets.

Materials and Methods {#S0002}
=====================

Collection of Lung Cancer-Related Targets of Dioscin {#S0002-S2001}
----------------------------------------------------

CTD ([<http://ctdbase.org/>]{.ul}),[@CIT0011] Similarity Ensemble Approach ([<http://sea16.docking.org/>]{.ul})[@CIT0012] and SwissTargetPrediction ([<http://swisstargetprediction.ch/>]{.ul})[@CIT0013] were employed to collect the dioscin-related targets. For SwissTargetPrediction, the targets with a probability value≥0.5 were selected. The lung cancer-related targets were extracted from GeneCards ([<https://www.genecards.org/>]{.ul})[@CIT0014] with "lung cancer" as a search term, and the 500 with the highest scores were retained. The targets matching those obtained from the above described approach were identified as potential lung cancer-related targets of dioscin. The gene symbols for all candidates were verified by the UniProt ([<https://www.uniprot.org/>]{.ul}).[@CIT0015]

Construction of Compound-Target Networks {#S0002-S2002}
----------------------------------------

The interactions between the above-mentioned potential targets of dioscin were analyzed using the STRING database ([<https://string-db.org/>]{.ul}),[@CIT0016] and interactions with a combined score higher than 0.4 were screened. The compound-target network was generated based on the PPI data (protein--protein interaction) and was visualized using Cytoscape-v3.7.1 software. The network characteristics were analyzed by the applied plug-in Network Analyzer. The degree of freedom was used as a topological index, which is often used to describe the importance of the network node. The larger the value, the more critical the node is in the network.

Enrichment Analysis of Dioscin Lung Cancer-Related Target Pathway {#S0002-S2003}
-----------------------------------------------------------------

Gene Ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis were completed utilizing the DAVID program ([<https://david.ncifcrf.gov/>]{.ul}).[@CIT0017]

Molecular Docking Verification {#S0002-S2004}
------------------------------

The chemical structure of dioscin was obtained from the PubChem ([<https://pubchem.ncbi.nlm.nih.gov/>]{.ul}),[@CIT0018] saved in its SDF format, and converted to the mol2 format by Discovery Studio 3.0. The PDB IDs of the candidates AKT1 and mTOR were derived from the UniProt database, and the corresponding protein three-dimensional structure was obtained from the RCSB PDB ([<http://www.rcsb.org/>]{.ul})[@CIT0019] database and saved in PDB format. Molecular docking was performed using Autodock Tools-1.5.6, and the docking score was used to assess the binding affinity of the target to the dioscin molecule. The two-dimensional plan of the docking results was presented by Discovery Studio 2019 Client.

Cell Lines and Reagents {#S0002-S2005}
-----------------------

Lung adenocarcinoma cell lines A549 and H1299 were obtained from the American Type Culture Collection (Manassas, VA, USA). All media were supplemented with 10% fetal bovine serum (FBS) (ExCell Bio Inc., Shanghai, China) and 100 U/mL penicillin-streptomycin mixture (Gibco, Grand Island, NY, USA). The cells were maintained at 37°C in a humidified atmosphere of 95% air and 5% CO~2~.

Dioscin with purity of 98% (Lot No. MUST-16090203) was obtained from Chengdu Must Biotechnology Co., Ltd. (Chengdu, China), which was dissolved in dimethyl sulfoxide (DMSO) at a concentration of 10 µM and stored at −20°C. For use, stock solutions were freshly diluted with medium (DMSO\<0.1%). Antibodies against ZO-1, vimentin, N-cadherin, E-cadherin, ZEB1, GAPDH, AKT, p-AKT, mTOR, p-mTOR, GSKβ, p-GSK3β, SNAIL, SLUG, claudin-1, and peroxidase-conjugated and 488-conjugated secondary antibodies were obtained from Cell Signaling Technology, Inc. (Beverly, MA, USA). CCK8 was obtained from Shanghai Beibo Biological Co. (Shanghai, China). The Immobilon western chemiluminescent horseradish peroxidase (HRP) substrate was obtained from Millipore Co. (Billerica, MA, USA).

Cell Proliferation Assay {#S0002-S2006}
------------------------

Cells in the logarithmic growth phase were collected as cell suspensions, and 100 µL of the cell suspension was added to a 96-well plate (2000 cells/well). The experimental wells were filled with different concentrations of dioscin (0--8 μM, DMSO\<0.1%) medium, and the control wells were filled with complete medium. After 24--48 h, 10µL of CCK8 solution was added per well, and incubated for 2--4 h. The optical density (OD) at 450 nm was measured using a microplate reader, and cell viability (cell viability = experimental well/control well × 100%) was calculated.

Scratch Healing Assay {#S0002-S2007}
---------------------

Lung adenocarcinoma A549 or H1299 cells were collected and made into cells suspensions, which were seeded on a six-well plate (at about 6×10^5^ cells/well) to ensure that the cells could spread over the entire well overnight. The monolayer was scratched across the center of each well utilizing the tip of a 200 µL pipette. The cells were then cultured in a serum-free medium with concentrations of dioscin at 0, 1, and 2 µM for 24 h. Each scratch wound was visualized by microscopy and five random fields (×100) were chosen to assess the cell migration ability.

Transwell Migration Assay {#S0002-S2008}
-------------------------

After 12 h of serum-free starvation, cells in the logarithmic growth phase were digested, collected, and resuspended in serum-free medium, and adjusted to a cell density of 1×10^6^ cells/mL. Cells in 200 µL of serum-free medium containing different concentrations of Dioscin were seeded on the upper chamber, and 600 µL of medium supplemented with 15% fetal calf serum (FCS) was placed in the lower chamber. After 24 h of incubation, the chamber was fixed with 4% paraformaldehyde and subsequently dyed with 0.1% crystal violet. The upper chamber was carefully wiped with cotton swabs. The numbers of cells that had migrated to the lower surface were enumerated in five randomly selected visual fields (×200).

In vitro Invasion Assay {#S0002-S2009}
-----------------------

The effect of dioscin on the invasion of NSCLC cells was assessed using in vitro invasion assays in a Transwell chamber (Corning Inc., Corning, NY, USA). Matrigel was applied to the membrane (polycarbonate membrane, 8 µm pore size, 6.5 mm diameter) in the upper compartment. Then, 200 µL of pre-warmed serum-free medium was added to the Transwell chamber and allowed to stand at 37°C for 30 min to gel the Matrigel. Other procedures resembled those of the Transwell migration assay.

Western Blotting {#S0002-S2010}
----------------

Lung adenocarcinoma cells were collected 24 h after dioscin stimulation, lysed on ice for 30 min with radio-immunoprecipitation assay (RIPA) buffer (Beyotime, Jiangsu, China), collected in a 1.5 mL centrifuge tube, and centrifuged at 4°C for 10 min. The supernatant was retained and the protein concentration was quantified utilizing a BCA protein quantitative kit (Keygen, Changchun, China). After being supplemented with 5× loading buffer, the protein was heated in a metal bath for 10min and was stored at −80°C until use. The samples (20 μg per lane) were separated using 10% SDS-PAGE gel electrophoresis and transferred (300 mA, 100 min) onto a polyvinylidene fluoride (PVDF) membrane, which was blocked in 5% skim milk at room temperature for 2 h. Subsequently, the primary antibodies were added and incubated at 4°C overnight. The membranes were then incubated with secondary antibodies for 1 h. A fully automated chemiluminescence image analysis system was used to image the immunoreactive protein bands. The following antibodies were used in this study: rabbit monoclonal anti-N-cadherin (13116T), anti-E-cadherin (3195T), anti-vimentin (5741T), anti-ZEB1 (3396T), anti-ZO-1 (8193T), anti-Slug (9585T), anti-Snail (3879T), anti-claudin-1 (13255T), anti-β-catenin (8480T), anti-MMP9 (13667T), anti-GAPDH (2118T), anti-AKT (4691T), anti-phospho-AKT (4060T), anti-GSK3β (12456T), anti-phospho-GSK3β (5558T), anti-mTOR (2983T), and anti-phospho-mTOR (5536T), all of which were from Cell Signaling Technology (Boston, MA, USA). HRP Goat Anti-Rabbit IgG (AS014) was from Abclonal (Wuhan, China).

Immunofluorescence Assay {#S0002-S2011}
------------------------

A 12-well circular scaffold was placed in a 12-well plate and the slides were rinsed with a medium. The cells were seeded on the 12-well plate at the density of 3×10^4^ cells/well. At 24 h after dioscin stimulation, the cells were fixed with 4% paraformaldehyde for 20 min and then blocked with a solution containing 0.3% TritonX-100 10% BSA. The blocking solution was discarded, and the primary antibody (in blocking solution, 1:100) was added and incubated overnight at 4°C in a wet box. The fluorescent secondary antibody (prepared in blocking solution, 1:1000) was added and the slides were incubated at room temperature for 1 h in the dark. Finally, the cells were stained with 4′,6-diamidino-2-phenylindole (DAPI) at room temperature for 10 min in the dark and the images were collected under a laser confocal microscope. The following antibodies were used in this study: rabbit monoclonal anti-E-cadherin (3195T; Cell Signaling Technology), rabbit monoclonal anti-vimentin (5741T; Cell Signaling Technology) and Alexa Fluor 488 conjugated anti-rabbit IgG (4412S; Cell Signaling Technology).

Statistical Analysis {#S0002-S2012}
--------------------

SPSS13.0 statistical software (IBM Corp., Armonk, NY, USA) and GraphPad Prism (version 5.0, GraphPad Inc., La Jolla, CA, USA) were used for statistical analysis. One-way analysis of variance (ANOVA) was used to determine the significance of differences among the groups. A p-value of 0.05 was considered statistically significant.

Results {#S0003}
=======

Network Pharmacology-Based Target Prediction for Dioscin {#S0003-S2001}
--------------------------------------------------------

To uncover the mechanism behind dioscin's anti-tumor effects, especially EMT, we employed CTD, Similarity Ensemble Approach (SEA), Swiss Target Prediction, GeneCards, and STRING to identify the lung cancer-related targets of dioscin based on text-mining, ligand topology, and protein structure similarity. Forty-two lung cancer-related targets of Dioscin were identified ([Table 1](#T0001){ref-type="table"}). The compound-target network was constructed and was shown in [Figure 1A](#F0001){ref-type="fig"}. Specifically, TP53, CASP3, AKT1, BCL2L1, MAPK3, VEGFA, MAPK8, CCND1, IL6, MAPK1, CASP9, CASP8, SRC, TNF, and mTOR represent the crucial targets of dioscin based on degree value (reflecting their level of connectivity within the network).Table 1Predicted Lung Cancer-Related Targets of DioscinNo.Gene SymbolNo.Gene SymbolNo.Gene Symbol1*CASP3*15*IL6*29*IL1B*2*CASP9*16*KRT18*30*KDR*3*MAPK1*17*AKT1*31*KEAP1*4*MAPK3*18*BCL2L1*32*MAPK8*5*PARP1*19*BIRC5*33*mTOR*6*TNF*20*CASP8*34*NFE2L2*7*ABCB1*21*CCNB1*35*NFKBIA*8*BAK1*22*CCND1*36*PTK2*9*BAX*23*CDK1*37*RELA*10*BCL2*24*CDKN1A*38*SRC*11*CTNNB1*25*CHEK2*39*TNFRSF10B*12*CYP2E1*26*FAS*40*TNFRSF1A*13*ESR1*27*FASLG*41*TP53*14*ESR2*28*HMOX1*42*VEGFA* Figure 1Analysis of dioscin compound-target network. (**A**) The overlapped targets of lung cancer and dioscin-related targets were analyzed by STRING to generate the compound-target network. The diameter of the nodes was determined by the degree of freedom. The larger the diameter, the more critical the node is in the network. (**B**) GO functional annotation of potential targets of dioscin. Biological processes (BP), Cellular components (CC) and Molecular functions (MF) were ranked according to -logP values. (**C**) KEGG enrichment analysis for potential targets of dioscin. The top 20 with lower P-value was shown.

We further used GO and KEGG pathway enrichment analyses to assess the characteristics of these protein targets. GO analysis showed that most of the targets were present in the cytosol and nucleus with protein homodimerization or heterodimerization activity. These targets were particularly associated with in the biological processes, such as extrinsic apoptotic signaling pathway via death domain receptors, intrinsic apoptotic signaling pathway in response to DNA damage, negative regulation of apoptotic process, and peptidyl-threonine phosphorylation ([Figure 1B](#F0001){ref-type="fig"}). In addition, the 42 targets were shown to contribute to 98 pathways using KEGG analysis. The 20 targets with the lowest p-values were shown in [Figure 1C](#F0001){ref-type="fig"}. Among them, the PI3K-Akt signaling pathway has been confirmed to be related to EMT and plays a crucial role in tumorigenesis and metastasis.[@CIT0020] AKT and mTOR are crucial participants in the PI3K-Akt signaling pathway in EMT.[@CIT0006],[@CIT0021] Notably, AKT and mTOR had a higher degree (reflecting greater network connectivity) in the compound-target analysis, as shown in [Figure 1A](#F0001){ref-type="fig"}. We therefore hypothesized the inhibition of EMT by dioscin occurred via targeting AKT and mTOR.

To address this hypothesis, we analyzed the interactions of AKT--dioscin and mTOR--dioscin using molecular docking. Our results showed that the binding energy of AKT--dioscin was −8.91 kcal/mol, compared with −10.89 for AKT and the original crystal structure ligand. The binding energy of mTOR-Dioscin was −9.62 kcal/mol, compared with −18.57 for mTOR and the crystal ligand. The AKT--dioscin and mTOR--dioscin docking models were shown in [Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}. These findings indicated that dioscin could possibly bind to AKT and mTOR.Figure 2Modeling of dioscin with the potential targets. (**A**) Dioscin-AKT docking model with predicted binding energy of −8.91 kcal/mol. The Docking model of AKT and the crystal ligand has predicted binding energy of −10.89 kcal/mol. (**B**) Dioscin-mTOR docking model with predicted binding energy of −9.62 kcal/mol. The Docking model of AKT and the crystal ligand has predicted binding energy of −18.57 kcal/mol.

Dioscin Suppressed Proliferation, Migration, and Invasion of Human Lung Adenocarcinoma Cells {#S0003-S2002}
--------------------------------------------------------------------------------------------

The cytotoxicity of dioscin (1, 2, 4, and 8µM) in human lung adenocarcinoma cells, A549 and H1299, was determined using a Cell Counting Kit-8 assay (CCK8) after 24 and 48 h. The results showed that, compared to the control, the inhibitory effects of 1 and 2 µM dioscin on A549 and H1299 cells were lower than 50% at a cell density \>90% ([Figure 3A](#F0003){ref-type="fig"}). Therefore, 2 and 1 µM dioscin were selected as suitable doses in subsequent experiments to exclude interference from dioscin's suppression of the proliferation of lung adenocarcinoma cells.Figure 3Dioscin inhibited the proliferation, migration, and invasion of A549 and H1299 cells. (**A**) The cell viability of A549 and H1299 cells treated with dioscin (1, 2, 4, and 8 µM) for 24 h and 48 h was determined using a Cell Counting Kit 8 assay. The width of scratches was measured in cells treated or not with dioscin, at 0 and 24 h in A549 (**B**) and H1299 (**C**) cells. Additionally, using a Transwell migration assay and Matrigel invasion assay, the number of migrated or invaded cells treated with dioscin per chamber was counted and compared with that in the control group from three independent experiments (\*p \< 0.05; \*\*p\< 0.01; \*\*\*p\< 0.001).

To determine whether dioscin affected the metastatic ability of A549 and H1299 cells, we performed scratch healing and Transwell assay experiments. The scratch healing assay showed that the scratches in dioscin‐treated A549 and H1299 cells were markedly larger than those in the control cells at 24 h ([Figure 3B](#F0003){ref-type="fig"} and [C](#F0003){ref-type="fig"}). Meanwhile, Transwell migration assays revealed that dioscin significantly suppressed the migration rates of A549 and H1299 cells, which could be observed by comparison with their corresponding control cells ([Figure 3B](#F0003){ref-type="fig"} and [C](#F0003){ref-type="fig"}). In addition, Matrigel invasion assays proved that dioscin can suppress the invasion abilities of A549 and H1299 cells by comparison with their corresponding control cells ([Figure 3B](#F0003){ref-type="fig"} and C). These observations confirmed that dioscin could effectively inhibit lung adenocarcinoma cell migration and invasion.

Dioscin Reversed EMT in Human Lung Adenocarcinoma Cells {#S0003-S2003}
-------------------------------------------------------

To further determine how dioscin inhibited cell migration and invasion, we investigated whether it could reverse EMT. Using Western blotting and immunofluorescence assays, we detected the protein levels of EMT-associated biomarkers after dioscin treatment alone. Our data showed that the protein levels of N-cadherin, vimentin, MMP-9, β-catenin, zinc finger E-box binding homeobox 1 (ZEB1), SLUG (snail family transcriptional repressor 2), and SNAIL (snail family transcriptional repressor 1) were significantly reduced by dioscin stimulation in a dose-dependent manner, whereas the levels of E-cadherin, claudin-1, and ZO-1 (zona occludens 1) were markedly increased ([Figure 4A](#F0004){ref-type="fig"}). Besides, the immunofluorescent staining results showed that dioscin treatment clearly increased the intensive green fluorescence expression of the epithelial marker E-cadherin and significantly reduced the mesenchymal marker vimentin compared with those in control cells ([Figure 4B](#F0004){ref-type="fig"}). These findings indicated that EMT could be reversed by dioscin.Figure 4Effect of dioscin on the expression of EMT markers in H1299 and A549 cells. (**A**) Cells were treated with dioscin (1 and 2 µM) for 24 h, and the EMT-associated biomarkers were detected using Western blotting. Typical graphs and a histogram (mean ± SD) are shown, n = 3. \*p \< 0.05; \*\*p\< 0.01; \*\*\*p\< 0.001 compared with the control group. (**B**) After treatment with dioscin (1 and 2 µM) for 24 h, immunofluorescence staining was performed to determined Vimentin and E-cadherin expression in H1299 and A549 cells using confocal microscopy. Blue fluorescence indicates DAPI-labeled nuclei, and Green fluorescence indicates Vimentin or E-cadherin positive expression.

The Inhibitory Effect of Dioscin on EMT in Human Lung Adenocarcinoma Cells via the AKT/GSK3β/mTOR Signaling Pathways {#S0003-S2004}
--------------------------------------------------------------------------------------------------------------------

To test whether the binding of AKT and mTOR to dioscin affects their function, we detected the protein expression of AKT, phosphorylated AKT (p-AKT), mTOR, and phosphorylated mTOR (p-mTOR) in the selected cells after dioscin treatment. Our data showed dioscin markedly downregulated p-AKT and p-mTOR in both H1299 and A549 cells in a dose-dependent manner, without altering their total protein level ([Figure 5A](#F0005){ref-type="fig"}). p-GSK3β is a downstream protein of p-AKT in EMT.[@CIT0005] Consistent with this, dioscin reduced p-GSK3β without affecting GSK3β total protein ([Figure 5A](#F0005){ref-type="fig"}).Figure 5Effects of dioscin on the AKT/GSK3β/mTOR pathway in A549 and H1299 cells. (**A**) Cells were treated with dioscin (1 and 2 µM) for 24 h. The levels of AKT/GSK3/mTOR related pathway proteins, including phosphorylated (p)-AKT, AKT, p-GSK3, GSK3, p-mTOR, and mTOR, were examined using Western blotting analysis. (**B, C**) Cells were pre-treated with 10 µM LY294002 (a PI3K/AKT inhibitor, LY) for 2 h and then treated with dioscin (1 or 2 µM) for 24 h. Western blotting was then employed to determine the protein levels of Vimentin, E-cadherin, and N-cadherin (**B**) and p-AKT, AKT, p-GSK3, GSK3, p-mTOR, and mTOR (**C**). GAPDH was used as a loading control. Typical graphs and a histogram (mean±SD) are shown, n=3. \*p \< 0.05; \*\*p\< 0.01; \*\*\*p\< 0.001 compared with the control group.

We further explored the effect of dioscin on the AKT/GSK3β/mTOR signaling pathways using the specific pharmacological inhibitor LY294002 (LY, a PI3K inhibitor). A549 and H1299 cells were pre-incubated with 10 µM LY294002[@CIT0022] for 2h and then co-incubated with Dioscin (1 and 2 µM) for 24 h. The dioscin-mediated upregulation of E-cadherin and downregulation of N-cadherin and vimentin were augmented by LY treatment in A549 and H1299 cells ([Figure 5B](#F0005){ref-type="fig"}). Similarly, dioscin-mediated downregulation of p-AKT, p-GSK3β, and p-mTOR was augmented by LY treatment ([Figure 5C](#F0005){ref-type="fig"}).

Collectively, these findings revealed that dioscin suppresses EMT of lung adenocarcinoma cells by inactivating of the AKT/GSK3β/mTOR signaling pathway.

Discussion {#S0004}
==========

Most patients with lung cancer are diagnosed with non-small-cell lung cancer (NSCLC), of which lung adenocarcinoma represents the major subtype. Metastasis is the major cause of the high mortality in lung cancer patients. In terms of the factors affecting metastasis, it is closely related to tumor size, growth rate, and invasiveness. In recent years, increasing evidence has shown that EMT is involved in the metastatic process.[@CIT0023] Moreover, many studies have underlined the contribution of EMT to lung cancer.[@CIT0024],[@CIT0025] EMT is the method by which epithelial cells acquire migration ability, and has been revealed as an important pathway by which more than 90% of malignant epithelial cells undergo carcinogenesis in adult humans. Therefore, the development of a new anti-metastasis drug for EMT-related pathways is of great significance to treat patients with metastatic lung adenocarcinoma.

During EMT, tumor cells downregulate epithelial markers (E-cadherin) and tight junction proteins (ZO-1 and claudin-1), as well as upregulating mesenchymal markers (N-cadherin and vimentin) and transcription factors (SNAIL, SLUG, and ZEB1). E-cadherin is a typical epithelial marker of EMT and is thought to be a switch for EMT. When tumor cells showed a downregulation of E-cadherin expression, β-catenin from the membrane was seen to relocate to the nucleus, causing a high expression of interstitial cell markers such as N-cadherin and vimentin, which promote tumor cell metastasis.[@CIT0026] Studies have shown that many signaling pathways are involved in EMT, including transforming growth factor beta (TGF-β), Wnt/β-catenin, PI3K/AKT/mTOR, and AKT/GSK3β/β-catenin signaling pathways.[@CIT0027]--[@CIT0031] AKT, known as protein kinase B (PKB), is a downstream signaling molecule of PI3K (Phosphatidylinositol-3 kinase). GSK3β mediates the phosphorylation of Snail, and increases its cytoplasmic retention and degradation. AKT promotes the phosphorylation of GSK3β to ubiquitinate and degrade, thereby stabilizing Snail and enhancing the inhibition of E-cadherin expression.[@CIT0032] AKT directly phosphorylates mTOR on Ser(2448).[@CIT0033] mTOR can integrate multiple signal stimuli to affect transcription and protein synthesis, which have important links with cell proliferation, apoptosis, differentiation and EMT.[@CIT0006] Tumor cells also increase the secretion of matrix metalloproteinases (MMPs), which leads to the degradation of extracellular matrix components, the remodeling of the cytoskeleton, and the invasion and metastasis of tumor cells from the original site.[@CIT0034]

Dioscin is an extracted component of Chinese yam, which was also called "Dioscorea nipponica" in ancient times. Dioscin has a wide range of effects, including lipid-lowering,[@CIT0035] antihypertensive,[@CIT0036] anti-inflammatory,[@CIT0037] desensitizing,[@CIT0038] liver protective,[@CIT0039] antiviral,[@CIT0040] anti-tumor,[@CIT0007],[@CIT0008] and immunoregulatory activities.[@CIT0041] Recently, several studies have revealed that dioscin reverses TGF-β1 induced epithelial--mesenchymal transition (EMT).[@CIT0009],[@CIT0010] In the current investigation, we observed dioscin's remarkable effects on upregulating E-cadherin and tight junction proteins (ZO-1 and claudin-1), downregulating N-cadherin and vimentin and its transcription factors (SNAIL, SLUG, and ZEB1), as well as β-catenin without TGF-β stimulation, which suggests that dioscin could reverse EMT by other pathways than the participation of TGF-β and its receptors.

Network-based pharmacology, derived from systems biology, which can address the connectivity and interdependence of multiple drug targets, is commonly used to decipher mechanisms of drug activity and drug-target relationships. It shares a holistic philosophy similar to that of Traditional Chinese Medicine (TCM).[@CIT0042],[@CIT0043] Using network-based pharmacological approaches, we found that the lung cancer-related targets of Dioscin were involved in pathways including the TNF signaling pathway, PIK3-AKT signaling pathway, NOD-like receptor signaling pathway, and HIF-1 signaling pathway. As AKT and mTOR had higher degrees in the compound-target network, we focused on the AKT-mTOR signaling pathway. Subsequently, our experiments revealed that dioscin downregulated the phosphorylation levels of AKT, mTOR, and GSK3β in a dose-dependent manner, which suggested that dioscin could inhibit their phosphorylation. Furthermore, we used LY294002, the PI3K inhibitor, which has been shown to block PI3 kinase-dependent Akt phosphorylation and kinase activity.[@CIT0044] We found that the effects of dioscin on the AKT/GSK3β/mTOR signaling pathway were similar to those of LY294002 ([Figure 5](#F0005){ref-type="fig"}), which could support the inhibition of AKT phosphorylation by dioscin. Interestingly, we found that LY294002 enhanced the effect of dioscin on p-AKT, p-mTOR, and p-GSK3β. This also suggested that the manner of inhibition of AKT phosphorylation by dioscin differed from that of LY294002. The molecular docking analysis in the current study showed that dioscin could bind to AKT and mTOR. However, more experiments are needed to further validate the binding of dioscin-AKT and dioscin-mTOR, and to explore whether AKT or mTOR is the direct target of dioscin in the future.

Conclusion {#S0005}
==========

Our results suggest that dioscin restrains the migration and invasion, and converts EMT through regulating the AKT/GSK3β/mTOR signaling pathway, likely by binding to AKT, and mTOR and inhibiting their phosphorylation. Thus dioscin has a potential therapeutic value and may provide a theoretical basis for further clinical treatment of lung adenocarcinoma.

This work was supported by the National Natural Science Foundation of China (Grant No. 81873154) and the 2017-annual project of construction of high-level university (Grant No. A1-AFD018171Z11003). We thank Professor Guoan Chen from South University of Science and Technology for his revision of the manuscript.

Abbreviations {#S0006}
=============

EMT, epithelial--mesenchymal transition; DMSO, dimethyl sulfoxide; OD, optical density; MMP, matrix metalloproteinases; PVDF, polyvinylidene fluoride; DAPI, 4',6-diamidino-2-phenylindole; ANOVA, one-way analysis of variance; PPI, protein-protein interaction; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; CCK8, Cell Counting Kit-8 assay; Dio, dioscin; ZEB1, E-box binding homeobox 1; SLUG, snail family transcriptional repressor 2; SNAIL, snail family transcriptional repressor 1; ZO-1, zona occludens 1; LY, LY294002; SEA, Similarity Ensemble Approach; NSCLC, non-small-cell lung cancer; p-AKT, phosphorylated AKT; p-mTOR, phosphorylated mTOR; p-GSK3β, phosphorylated GSK3β; TGF-β, transforming growth factor beta; FCS, fetal calf serum.

Disclosure {#S0007}
==========

The authors report no conflicts of interest in this work.

[^1]: These authors contributed equally to this work
